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The widespread application of ultrasonics to the characterization 
of material flaws has met with success in nearly all systems of research 
or commercial interest. Composite materials, however, represent a real 
challenge for quantitative analysis complicated by the material 
inhomogeneity, anisotropy, and laminated construction. Although through 
transmission C-scan results can find delaminations, other techniques are 
troubled by the complexity of the returning waveform. Distributed 
porosity, microcracks, and geometrical scatterers further complicate the 
analysis. Therefore, it is especially important to work with as sharp 
an analysis tool for NDE imaging when working in such complex solids. 
In this paper we identify a signal processing tool that can 
significantly enhance the sharpness of ultrasonic waveforms and provide 
clearer pictures of the nature of the material flaw. The technique 
artificially improves the resolution of the system to discrete events by 
pulse shaping the measured waveform based on the signal from a 
reference. The optimum pulse shape operator is determined from a 
least-squares method in the z-domain. 
THEORY 
Given a reference waveform at, we want to find the mathematical 
operator ft that will transfer it into a desired waveform dt• usually 
with a pulse-like shape, such that the convolution of at with ft will 
yield dt• i.e.: 
However, the finite length of f will introduce errors 
where 
at - Reference signal 
ft - Operator 
~ - Desired output (target) 
(2) 
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qt - Actual output 
We can lcok for modified coefficients of finite length f that will 
result in a reduced error, where the error is defined in the 
least-squares sense: 
E L (~ - qt)2 
t=O 
= { 
00 
L_ fs as-t t o, 1, 2, ... , m+n 
qt s-0 (4 ) 
o t > m+n 
m+n m 
E = L <dt - L f 2 + L ~2 .. at-s> t=O s=O 5 t=m+n+l 
The optimized coefficients of f can be found by minimizing E. 
gives: 
m m+n 
ţ=O fs ( t~O at-s at-j ) j O, 1, ... , m 
j O, 1, ... , m 
(3) 
(5) 
( 6) 
(7) 
where r is the autocorrelation of a, and g is the correlation of d with 
a. The only unknowns are the coefficients of f which can be solved. 
The minimized error will be then: 
(8) 
Further, the optimal location of the target signal can be found 
when the smallest value of Emin is achieved. 
APPLICATION TO EXPERIMENTAL RESULTS 
Curing epoxy 
First application was te measurements of curing epoxy. As seen in 
Fig. 1, the epoxy is placed between a graphite plate and a steel plate. 
An undamped transducer transmitted longitudinal waves into the graphite 
and through the epoxy. The reflected waves were detected by the same 
transducer. 
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Transducer 
Fig. 1. Experimental set-up for curing epoxy. 
The signal received before the epoxy starts to cure can be used as 
the refe r ence signal, where the only reflection observed is due to t he 
graphite - epoxy interfac e (Fig. 2). An appropriate target signal 
would be a waveform that is related to the original signal , but 
narrower. Multiplying the reference signal by a gauss i an y ields a 
s u itable signa l (Fig . 3) which is narrow enough while not as 
const r aini ng a s the delt a-func tion. 
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Fig. 2 . Digitize d ultrasonic data: referenc e signal in the 
curing epoxy experiment. 
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Fig. 3. Target wave s hape. 
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Using the above signals, the reference signal a and the target signal 
d, a short (64 coefficients long) operator f was found. We now can use 
this operator on any signal obtained later, while the epoxy starts to 
cure. Fig. 4 shows such a measured signal. Inspection of the waveform 
indicates a possible reflection that arrives shortly after the first 
one. However, due to the long ringing of the transducer, the two signals 
overlap, making it difficult to interpret. Applying the operator f to 
this signal yields the processed signal shown in Fig. 5. Now the second 
reflection is clearly seen, as well as a third reflection that was not 
evident before. 
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Fig. 4. Digitized ultrasonic data: signal with reflections 
from a curing epoxy. 
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Fig. 5. Processed signal, based on the signal from Fig. 4. 
Graphite-epoxy composite 
The method was applied to another experiment, where a 
graphite-epoxy plate was immersed in a water bath, and scanned by a 
commercial transducer that transmitted longitudinal waves. The same 
transducer was used to detect the reflected waves which were then 
digitized. The reference signal in this case was taken as the first 
reflection from an aluminum plate that substituted for the composite 
material for this purpose (Fig. 6). Alternatively, a reflection off the 
water/air interface was equally suitable. 
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Fig. 6. Digitized ultrasonic data: Reference signal in the 
graphite-epoxy experiment. 
The operator f was found according to the target d (Fig. 7) and 
applied to a digitized record (Fig. 8) obtained in the experiment, to 
yield the processed waveform (Fig. 9). 
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Fig. 7. Target wave shape. 
Fig. 8 Digitized ultrasonic data: Immersed graphite-epoxy 
sample. 
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Fig. 9. Processed signal obtained from the signal in Fig. 8. 
As in the previous example, the processed signal displays more defined 
events, helping in identifying regions of damage in the material . 
Examples of the processing of c-scan images of the composite material 
can be seen in Figs. 10 and 11. In these figures severa! time records 
are disp1ayed side by side. The horizontal direction represents the time 
of flight, while the vertical direction includes the different records. 
Fig. 10 is the composite image obtained in the experiment, and Fig . 11 
is its processed image. The pattern of the damaged region which was 
imbedded in the original data is much more clear in the processed image. 
Fig. 10. Image composed of C-scan data: Digitized experimental 
data collected from graphite-epoxy sample. 
Fig . 11. Proces sed image of the image in Fig. 10. 
CONCLUSIONS 
The described method of pu1se shaping by the least-squares method 
is found to be successful in separating the discrete events in the 
experimental time records, thus, useful in analyzing signals. The 
flexibility in choosing a target waveform in this method enables 
obtaining a relatively short operator. Good results are obtained even 
in the complex cases of composite materials which originally display 
many overlapping signals. 
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